ABSTRACT
Introduction
The ionosphere is a dispersive medium, which affects the propagation of electromagnetic waves. The new communications technologies, ranging from radio broadcasting to the most complex satellite navigation systems operate with electromagnetic waves in the radio frequency range. The equatorial and low latitude regions of the ionosphere have unique characteristics due to the horizontal geomagnetic field lines and due to the absorption of larger fraction of incident solar energy [Abdu, 2000 [Abdu, , 2005 . The Earth's ionosphere is affected by complex electrodynamics processes from the dynamic interactions between the neutral atmosphere and the ionospheric plasma. Such processes are controlled by the neutral winds of the upper atmosphere which interact with the conductive and magnetic regions of the ionosphere and produced by dynamo effect, electric fields in the ionospheric Eand F-regions. The dynamo electric fields are generated in the equatorial E-region by thermospheric winds caused by horizontal gradients of pressure existing in the atmosphere due to the variation of the solar radiation absorption, which is conducted along the geomagnetic field lines at high altitudes of the F-region due to high parallel conductivity. During the daytime, the dynamo electric field E is directed to the east and the geomagnetic field B is directed to the north resulting in an electromagnetic (E x B) drift upward, bringing the plasma to higher altitudes in the equatorial region. The elevated plasma diffuses down along the geomagnetic field lines due to the force of gravity g and pressure gradients ∇ p , which is known as the equatorial fountain effect [Kelley et al., 2006] . As a result, two ionization crests are formed on either sides of the geomagnetic equator at around ±20° magnetic latitudes with the anomaly trough centered at the geomagnetic equator. This phenomenon is known as equatorial ionization anomaly (EIA) or Appleton anomaly [Abdu, 2005] .
The total electron content (TEC) is an important parameter which is widely used to study the ionospheric characteristics. The TEC shows diurnal, monthly, seasonal and spatial variations and is influenced by several factors such as solar cycle and geomagnetic activity. The TEC variations under various solar and geophysical conditions have been studied by numerous investigators using different techniques [e.g., Mannucci et al., 1998; Brunini et al., 2003; Wu et al., 2008; Bolaji et al., 2012; . With the advent of the Global Positioning System (GPS) satellites, the quantum of TEC measurements all over the globe has been increased numerously and giving an opportunity for the ionospheric community to investigate the ionospheric characteristics more in detail.
Empirical models play an important role in predicting the variations of different ionospheric parameters. The International Reference Ionospheric (IRI) model is most widely used by the scientific community to compute the variations of electron density and other parameters of the ionosphere. The IRI model was developed by the Committee on Space Research (COSPAR) and the International Union of Radio Science (URSI) with the first version in 1978 [Rawer et al., 1978] . It has been continuously improved and updated with new data and modeling techniques over the years [Bilitza, 1986 [Bilitza, , 1990 [Bilitza, , 2001 Bilitza and Reinisch, 2008] until the latest the IRI-2012 model [Bilitza et al., 2014] with significant improvements. In this latest version several changes have been made to estimate the electron density, electron temperature as well as the ion composition. A new model developed by Truhlik et al. [2012] to describe the solar activity variations of electron temperature has been included in the latest IRI-2012 version. Altadill et al. [2009] proposed a new model for the estimation of bottom side electron density profiles and reported improvements in their method. This method proposed by Altadill et al. [2009] has been employed in the latest IRI-2012 model as "ABT-2009" which is a default option for bottom side profile estimation. The studies of Bhuyan and Rashmi [2007] , Akala et al. [2013] , Maltseva et al. [2013] , and references therein, reported a comparative analysis between the GPS-TEC (TEC observed) and the IRI-TEC (TEC modeled) at different latitudes and longitudes. Thus, the studies have shown a certain agreement in relation to the IRI-TEC model and GPS-TEC in highand mid-latitudes, whereas, it does not show agreement at equatorial and low latitudes [Venkatesh et al., 2011] .
The objective of the present study is to carry out a comparative study of GPS-TEC measurements with the IRI-2012 model prediction at Palmas (PAL), near equatorial region, and São José dos Campos (SJC), under the southern crest of the EIA, in the Brazilian sector. Figure 1 provides the locations of the GPS sites used in the present study. It is of the intention to study the IRI-2012 model performance in estimating the diurnal, seasonal and latitudinal characteristics of ionospheric electron density during the extreme low solar activity period of 2009. Further, the wavelet analysis has been used to compare the periodic characteristics of TEC from experimental and modeled outputs. This study focuses on the deep low solar activity period 2009 of the unusual solar cycle 23, which was very weak as compared to several previous years. In order to understand the causes for the discrepancies, the GPS-TEC measurements and the IRI-2012 prediction has been analyzed.
Data and Methodology
In the present study, the GPS-TEC measurements over a near equatorial station Palmas (10.2ºS, 48.2ºW, dip latitude 5.5ºS; hereafter referred to as PAL) and an anomaly crest location, São José dos Campos (23.2ºS, 45.9ºW, dip latitude 17.6ºS; hereafter referred to as SJC) during the extreme low solar activity year of 2009 are considered. The GPS data over two stations were retrieved in standard Receiver Independent Exchange (RINEX) format. The PAL station belongs to the "Rede Brasileira de Monitoramento Contínuo (RBMC)" and is operated by the "Instituto Brasileiro de Geografia e Estatística (IBGE)". The SJC station belongs to the "Universidade do Vale do Paraíba (UNIVAP)".
The dual frequency measurements of GPS at L1 (1575.42 MHz) and L2 (1227.60 MHz) are analyzed to derive the Slant TEC (STEC) values using the differential delay technique [Oron et al., 2013 and Valladares, 2011] . Thus, derived STEC values along the satellite ray path are converted into Vertical TEC (VTEC) using a thin shell approximation and considering the ionospheric height as 350 km using the following relation.
where S(E) is the single layer mapping function of the ionosphere defined by
where R e and h are the Earth's radius (~6378.1 km) and ionospheric height in 350 km, respectively, and ε is the elevation angle in radians. The latest IRI-2012 model derived TEC is obtained using the web based version available at http:// omniweb.gsfc.nasa.gov/vitmo/iri2012_vitmo.html. In the IRI model, initially it estimates the F-region peak parameters using URSI/CCIR coefficients. Then it uses different formulations to derive the bottom-side and top-side vertical electron density profiles. Thus derived vertical electron density profile is integrated with respect to altitude to compute the Total Electron Content value. In the present study, the 'URSI' option for 'F-peak model' is considered in the IRI-2012 model. Further, as described above, the newly added and the default ' ABT-2009' option is considered for bottom-side profile estimation and for the top-side profile, the default NeQuick option has been used. The IRI-2012 modeled TEC is obtained for PAL and SJC stations for comparison with the GPS observations. The difference between TEC values derived from GPS data and values obtained from IRI-2012 model was calculated by:
Further, we used the Continuous Wavelet Transform (CWT) to identify the periodicities in GPS measured and IRI modeled TEC variations. The CWT is a powerful mathematical tool for non-stationary signals and gives us information about the behavior of intermittency and periodic phenomena presents on these signals [Torrence and Compo, 1998 ]. Basically, the CWT is given by: (6) where x(t) is the time-frequency domain, s and b are the scale and time, respectively, and ψ * is the conjugate complex of the mother wavelet ψ.
Therefore, it is very important to correlate two time series in order to verify if these time series have similar frequencies. Thus, the methodology is to apply the coherence phase between two time series using the following equation [Carey et al., 2013] : (7) where W n X and W n Y are the WT applied on the x and y time series, respectively. The S is a smoothing operator both in the scale and time domain.
The F 10.7 cm solar flux index and sunspot numbers data has been obtained from the National Aeronautics and Space Administration (NASA) by the website http://omniweb.gsfc.nasa.gov/form/dx1.html. These indices are used to estimate the solar activity level.
Results and Discussions
Figure 2 During 2009, the F 10.7 and sunspot numbers vary from 65.8 to 84.2 and from 6 to 46, respectively. This minimum of solar cycle 23 has been considered unusual, being compared to a climatic period called the "Little Ice Age or Maunder Minimum" from about 1645 to 1710 and the "Dalton Minimum" from 1797 to 1825, with very few sunspots were seen on the Sun [Hady, 2013] . This deep low solar activity period 2009 is studied by comparing TEC from ground based GPS measurements with the IRI-2012 model prediction.
Comparison of the diurnal and seasonal variations of TEC from GPS and IRI-2012
Figure 3 presents the diurnal variations of monthly mean GPS-TEC (black curves) and the IRI-TEC
model (green curves) at PAL station from January to December 2009. Figure 4 presents similar variations for SJC station. It is clearly seen from all these plots that the diurnal variations of GPS-TEC shows a minimum around 07:00-08:00 UT (04:00-05:00 LT) and a maximum in the afternoon hours with a peak around 16:00-18:00 UT (13:00-15:00 LT). The GPS-TEC shows higher values during spring (September, October, and November), summer (December, January, and February), and autumn (March, April, and May) months as compared to those during winter ( June, July, and August) months at PAL and SJC. The GPS-TEC during nighttime remained with stable values from January to December months at PAL and SJC. The diurnal variations of TEC derived from the IRI-2012 model represent the mentioned features above, but overestimating (underestimating) the GPS-TEC in the afternoon hours (early morning hours) in the four seasons at PAL. On the other hand, the IRI-TEC model shows significant differences as compared to GPS-TEC at SJC. During January, February, October, and November, the IRI-TEC model underestimates the GPS-TEC in almost of the times, however, with larger differences in the afternoon hours as compared to those in the morning hours (until 08:00 UT -05:00 LT). In other months, from March to September, the IRI-TEC model overestimates the GPS-TEC in the afternoon hours and underestimates in the early morning hours with almost similar values. The exception occurs in March, where, the IRI model shows larger difference in the morning hours. It is important to note that the IRI-2012 model has a good agreement with the GPS-TEC during nighttime hours for four seasons at PAL and SJC. The IRI-2012 model shows larger differences from the GPS-TEC in the afternoon hours, which is larger and significant at SJC. The IRI-TEC model shows maximum values around 16:00-18:00 UT (13:00-15:00 LT) at PAL and is higher as compared to GPS-TEC in all months. However, the IRI-TEC model shows minimum values during 07:00-08:00 UT (04:00-05:00 LT) and is lower as compared to GPS-TEC in all months. It is worth noting that the IRI-TEC model overestimates the GPS-TEC in the afternoon hours and underestimates in early morning hours in all four different seasons at PAL. At SJC, the IRI-TEC model underestimates the GPS-TEC from January to November in the early morning hours. During January, February, October, and November months, the IRI-TEC model underestimates the GPS-TEC in almost all hours while the model overestimates the GPS TEC during the remaining months. Figure 6 presents the monthly mean diurnal variations of dTEC from January to December 2009 at PAL station. At PAL, the dTEC crosses the 0 TECU level in certain times between 09:00 and 22:00 UT (06:00 and 19:00 LT) from January to September. From October to December the dTEC is positive between 09:00 and 02:00 UT (06:00-23:00 LT). However, before and after the record of 0 TECU, the dTEC recorded large positive and negative differences. From 00:00 to 10:00 UT (21:00 to 07:00 LT), the dTEC is negative with a maximum value of -6 TECU around 02:15 UT (23:15 LT) and 05:30 UT (02:30 LT) in February and March, respectively. Further, the dTEC is negative, but with a minimum value of -2 TECU around 00:00-02:00 UT (21:00-23:00 LT) in April, 00:00-04:00 UT (21:00-01:00 LT) in May, 09:00-13:00 UT (06:00-10:00 LT) in June, and 00:00-01:00 UT (21:00-22:00 LT) in September. In contrast, it is possible to observe the positive dTEC in a range of time longer than the negative dTEC. The dTEC is positive with a minimum value of 2 TECU in late December and a maximum value of 12 TECU around 17:00-18:00 UT (14:00-15:00 LT) in May, October, and November. Therefore, during the daytime, the IRI-TEC model overestimates the GPS-TEC on a larger timescale at PAL.
Variations of dTEC (difference between TEC from GPS and IRI-2012)
At SJC, the dTEC shows larger discrepancy as compared to PAL (see Figure 7) . The dTEC crosses 0 TECU level in certain times along the day. The dTEC is negative in all times of the day in January and February, with a maximum negative value of -17 TECU around 19:30 UT (16:30 LT) and a minimum negative value of -0.5 TECU around 14:00 UT (11:00 LT), respectively. In March, the dTEC is negative up to noon time and after that, it reaches a maximum positive value of 6 TECU around 14:30 UT (11:30 LT) and a maximum negative value of -6 TECU around 22:15 UT (19:15 LT). From April to September, the dTEC is negative around 00:00-08:00 UT (21:00-05:00 LT), except June, during which it is positive around 00:00-01:00 UT (21:00-22:00 LT). Also during april to September, the dTEC shows a minimum negative value of -1 TECU around 07:50 UT (04:50 LT) in September and a maximum negative value of -2.5 TECU around 05:30 UT (02:30 LT) in May. During, May the maximum positive dTEC value of 12 TECU is noticed around 19:00 UT (16:00 LT). During October and November the dTEC shows similar kind of diurnal behaviour with the maximum negative values around 21:00 UT. The dTEC shows a maximum negative value of about -7 TECU during October while it nearly -14 TECU during November. The positive dTEC did not exceed 2 TECU in these two months. These observations reveal that the dTEC shows significant differences between PAL and SJC, especially in January, February, October, and November months.
It is of the significant importance to study the mechanisms responsible for the differences between GPS and IRI modeled TEC variations observed above. The electron density distribution in the ionospheric F-region in the equatorial and low latitude regions is governed by different physical process, such as neutral winds, Equatorial Electrojet (EEJ), E x B drifts, and horizontal diffusion of ionization along the geomagnetic field lines. However, there are two major sources of plasma; one is the ionization due to the solar radiation and the other is the phenomena of the EIA. Tsai et al. [2001] analyzed the seasonal variations of the GPS-TEC in the Asian sector of equatorial anomaly regions and they showed that both crests are fully developed around midday in winter, post-noon in equinoxes and late afternoon in summer. The two crests move significantly equatorward in winter but slightly poleward in summer and autumn, and these results were explained by neutral winds. de Jesus et al. [2011] analyzed different seasonal variations of ionospheric parameters, foF2 and hpF2 at PAL and SJC during medium solar activity periods. They showed that post sunset values of hpF2 observed at PAL presented an intense vertical drift during all the seasons. As it is well-known, there are a wide discrepancy between TEC measurements and the IRI model predictions at equatorial and low latitude regions [Bertoni et al., 2006] . The IRI-model is able to estimate well the GPS-TEC at high-and mid-latitudes, but overestimates or underestimates at low latitudes, which was previously reported by authors [Venkatesh et al., 2011; Kumar et al., 2015a] . Venkatesh et al. [2011] compared GPS-TEC with the IRI-2007 model at Trivandrum (near equatorial region) and Waltair (low latitude), Indian stations. They found that the IRI-2007 model underestimated the GPS-TEC during the day and overestimated it during the night at both stations. Chakraborty et al. [2014] compared the GPS-TEC with the IRI-2012 model over four stations from equatorial to mid-latitudes and they showed that the IRI-2012 model overestimated the GPS-TEC during the day time particularly in low latitude regions. They further concluded that the discrepancy appears to be higher in low latitude regions than mid-latitude during all seasons.
Our results show that during 2009 (the year of low solar activity) low values of GPS-TEC were observed. The observations also show significant discrepancies between GPS-TEC and the IRI-TEC model at equatorial region (PAL) and EIA region (SJC) in Brazilian sector. The IRI-TEC model shows better performance from nighttime to early morning hours than that in the afternoon hours at both the regions. This result is important because it was expected major discrepancies at nighttime due to the fact the IRI-TEC model does not include the effects from the plasmasphere. In general, the GPS-TEC computes the TEC from ground all the way up to the plasmasphere, but the IRI-TEC model includes the ionosphere to the maximum altitude of only 2000 km [Kumar, 2016; Kenpankho et al., 2011] . However, the larger discrepancies observed at SJC station in the afternoon hours for all months are possibly due to dynamics of EIA region in consequence of the equatorial fountain effect, which the IRI model fails to predict correctly. The main driver of fountain effect is the E x B drifts over the equator controlled by the strength of the EEJ, leading to the electron density variability in the equatorial and low latitudes. These results agree with the results shown by Venkatesh et al. [2014a Venkatesh et al. [ , 2014b and Kumar et al. [2015a] . During the winter season, it is observed from the GPS-TEC that the EIA is weak keeping most of the ionization over the equator. Kumar et al. [2015b] analyzed the performance of the IRI2012-TEC predictions in comparison with the GPS-TEC during the ascending phase of solar activity from 2009 to 2013 in different sectors (Singapore, Thailand, China, and Russia) from low to mid-latitudes. They showed that the IRI-model changes significantly as compared to GPS-TEC at EIA region during the solar minimum year 2009 and the changes decreases with the period of high solar activity year.
Comparison of the periodicities in the TEC variations from GPS and IRI-2012
In order to make comparison of the periodic characteristics of GPS-TEC and IRI-TEC model, the wavelet analysis has been carried out. Figure 8 and 9 present the wavelet analysis distribution of daily mean of GPS-TEC and IRI-TEC model, respectively, for 2009 at PAL and SJC stations. The white bands corresponds to the cone of influence obtained using the method proposed by Torrence and Compo [1998] , where any oscillation under this cone does not have any statistical significance. The oscillations presented have different characteristics near equatorial (PAL) and low latitude (SJC) regions between GPS-TEC and IRI-TEC model. Figure 8 presents the oscillations of GPS-TEC with periods around 16 days observed in April (days 90-120) and periods around 27-32 days observed between September and December (days 270-350) at PAL. Whereas in SJC, the same oscillations were observed in April and between September and November (data for December was not available). This possibly indicates that the near equatorial and low latitude regions in these periods are coupled. However, the periods around 16 days can be related to a modulation of the semidiurnal tide in the mesosphere to lower thermosphere region [Pancheva et al., 2002] and the periods around 27-32 days due to Sun's rotation time [Kutiev et al., 2012] .
The oscillations with periods around 2-4 and 5-10 days have seasonal patterns near equatorial (PAL) and low latitude (SJC) regions from January to December (days 1-365) (Figure 8 ). The oscillations are more dominant during spring, summer, and autumn months and less dominant during winter months. This fact proves that the EIA is weaker during winter months. These oscillations may be associated with other mechanisms responsible for the ionospheric variability as the propagation of planetary waves in ionospheric altitudes. Jonah et al. [2015] using GPS-TEC data at equatorial and low latitude regions in the South American sector for 2001 and 2009, observed oscillations with periods around 1-5 and 8-10 days. They suggest that there are contributions of tides and planetary waves from the lower atmosphere in the TEC variability (also observed by Takahashi et al., 2005 and de Abreu et al., 2014c] . This scenario shows that the year 2009 has the presence of planetary waves, which can modulate the thermospheric winds and thereby modulate the E x B drift, i.e., EIA phenomena. It is interesting to observe that, during January and February at PAL and SJC, the oscillations also were less dominant, however, the opposite was expected. In this period, a major sudden stratospheric warming (SSW) event was occurred [Goncharenko et al., 2010] . Several observational and modeling studies during this SSW event have shown that it produce changes on the thermospheric winds influencing the ionospheric variability. Further details about SSW are beyond the scope of this paper, but can be found in Goncharenko et al. [2013] , Fagundes et al. [2015] , and references therein. This possibly explains the lack of pattern observed between January and February at PAL and SJC. In contrast, the wavelet analysis results had shown in Figure 9 a complete different scenario from that observed in Figure 8 . The TEC-model shows the absence of oscillations with lower periods between 2 and 32 days. However, we can observe oscillations with periods around 128 days between April and September (days 90 to 270) at PAL and SJC. This shows a total discrepancy between the GPS-TEC and the IRI-TEC model for this period analyzed. The analyses were performed according to the red color of the power spectrum, which characterizes the highest energy level.
In order to study the agreement between GPS observed and IRI modeled data, we also applied the wavelet coherence between the daily average variations of GPS-TEC and the IRI-TEC modeled TEC for 2009 at PAL (top) and SJC (bottom) stations, which is presented in the Figure 10 . The arrows indicate the phase difference between both time series where right arrows indicate series are in phase, left arrows indicate series are out of phase (180o), and vertical arrows indicate the second time series lags the first by 90o. According to Carey et al. [2013] , the wavelet coherency allows identification of scales and times when the time series are experiencing oscillations at a similar frequency, i.e., both the time series are in effect coupled. Thus, the Figure 10 presents a complete lack of coherence between GPS-TEC and IRI-TEC model at PAL and SJC to lower periods between 2 and 32 days, similar to that observed in Figures 8 and 9 . Figure 10 also presents a phase difference of 45º and 135º inside narrow range periods 96 to 132 days between April and September (days 90 to 270) at PAL. However, vertical arrows are observed at SJC, with the same periods and months of PAL. Also, a phase difference of 220º with periods of 128 days between April and June (days 90 to 160) are observed. Therefore, this study shows that, in the equatorial and low latitude regions during the solar minimum 2009, large discrepancies are observed between the GPS-TEC and IRI-2012 model. Hence, further studies are needed to fully understand the discrepancies between experimental and modeled TEC values. This will include months of high and low solar activity.
Conclusions
In this paper, we have analyzed and presented a comparative study of ionospheric parameter GPS-TEC with the TEC from IRI-2012 model at PAL and SJC stations, nearly equatorial and EIA regions in the Brazilian sector, respectively. In order to understand the causes for the discrepancies between TEC measurements and the IRI-model prediction, this study focused on the deep low solar activity period of 2009 during the unusual solar cycle 23. The wavelet analysis was used in the present study to identify the periodicities and coherence between experimental and modeled TEC values. The main results of this study are as follows:
1. The IRI-TEC model showed better agreement with the GPS-TEC during nighttime from January to December 2009 at PAL and SJC. The IRI-TEC model showed larger differences from the GPS-TEC in the afternoon hours, mainly at SJC. These discrepancies observed at SJC in the afternoon hours for all months are possibly due to the dynamics of EIA region in consequence of the equatorial fountain effect, which the IRI model fails to predict correctly.
2. At PAL and SJC, the GPS-TEC shows oscillations with periods around 16 days in April and periods around 27-32 days between September and December. Also, oscillations with periods around 2-4 and 5-10 days from January to December were observed at PAL and SJC. The largest oscillations possibly are related to the modulation of semidiurnal tide and Sun's rotation, respectively. The smallest oscillations possibly are associated with propagation of planetary waves. On the other hand, the IRI-TEC model oscillations showed total discrepancy with those seen from the GPS-TEC.
3. The wavelet coherence between the daily average variations of GPS-TEC and IRI-TEC model at PAL and SJC showed a complete lack of coherence to periods between 2 and 32 days. Therefore, this study showed large discrepancies between the GPS- 
